The question whether alphanumerical category is involved in the control of attentional target selection during visual search remains a contentious issue. We tested whether category-based attentional mechanisms would guide the allocation of attention under conditions where targets were defined by a combination of alphanumerical category and a basic visual feature, and search displays could contain both targets and partially matching distractor objects. The N2pc component was employed as an electrophysiological marker of attentional object selection in tasks where target objects were defined by a conjunction of color and category (Experiment 1) or shape and category (Experiment 2).
Introduction
The visual world often contains multiple objects and events that compete for perceptual processing and for access to the cognitive mechanisms that are responsible for their identification and for the selection of appropriate responses. Mechanisms of selective attention resolve this competition in favor of those objects that are relevant for current task goals. In visual search tasks, where observers have to find particular target objects among multiple distractors, the allocation of attention can be guided by representations of targetdefining features (attentional templates) in working memory (e.g., Duncan & Humphreys, 1989; Wolfe & Horowitz, 2004; Olivers et al., 2011) . Such attentional templates are set up prior to the arrival of visual search displays, and facilitate the visual processing of templatematching visual objects in a spatially selective fashion (e.g., Desimone & Duncan, 1995; Eimer, 2014 Eimer, , 2015 . When search targets are defined by a specific feature (e.g., the color red), search templates will bias attention towards objects with this particular feature, even when these template-matching objects are task-irrelevant and have to be ignored (task-set contingent attentional capture; see Folk et al., 1992; Folk & Anderson, 2010; .
The question of which stimulus attributes can guide attention effectively during visual search is still controversial. There is agreement that basic physical stimulus features like color, motion, orientation, and size can be represented in attentional templates when they are task-relevant, and that these templates can control the deployment of attention in visual search tasks. However, the role of other visual properties for the guidance of attention in visual search is less clear. In particular, there is as yet no consensus whether the category membership of a target object can be employed as a guiding attribute for visual search. In their influential review article, Wolfe and Horowitz (2004) concluded that the role of alphanumerical category in the guidance of search performance is doubtful, and that information about the semantic category of visual stimuli can probably not be used for the goal-directed control of visual search. Studies investigating the role of object categories for the control of attention have often focused on questions such as how the typicality of an object with respect to its category affects its selection as a target object during visual search (e.g., Castelhano, Pollatsek, & Cave, 2008; Maxfield, Stalder, & Zelinsky, 2014) , or how shared category-defining features make items within the same category more similar to each other, thereby improving search efficiency (Alexander & Zelinsky, 2011 ; see also Alexander & Zelinsky, 2012) . The observation that search for category-defined targets is slower than search for a specific exemplar within this category, but faster than random search (Yang & Zelinsky 2009 ) suggests that information about object categories can guide search to some degree, but perhaps less efficiently than information about basic visual target features. In line with this apparent superiority of attentional templates for basic visual stimulus features, experiments using eye tracking (Malcolm & Henderson, 2009) or event-related brain potentials (ERPs; Nako, Smith, & Eimer, 2015) have shown that the selection of real-world target objects is less efficient when target identity is specified by word cues than when selection can be guided by a representation of visual target properties.
These observations suggest that although object categories may be involved in the control of target selection processes during visual search, the ability of category information to guide attention is limited, and certainly inferior to the role played by basic visual stimulus features during the template-guided control of search processes. However, this conclusion was called into question by the results of recent studies from our lab where electrophysiological measures were used to compare the time course of attentional object selection during feature-based and category-based visual search (Wu et al., 2013; Nako, Wu, & Eimer, 2014) . In these experiments, search displays contained alphanumerical characters, and search targets were defined either at the item level (e.g., letter C) or categorically 1 (e.g., any letter). These target definitions were specified either at the start of each trial by precues (Wu et al., 2013) or prior to each block by experimental instructions (Nako et al., 2014) . To determine how rapidly targets were selected during item-based and category-based search, we measured the N2pc component as a marker of the allocation of attention to target objects (Luck & Hillyard, 1994; Eimer, 1996) . The N2pc is an enhanced negativity at occipitotemporal electrodes contralateral to the side where a target appears among distractors in a search display. This component is generated in retinotopic extrastriate ventral visual cortex (Hopf et al., 2000) , and reflects the attentional selection of candidate target objects during visual search. When search targets are defined by simple visual features such as color or shape, N2pc components emerge around 180-200 ms after stimulus onset (e.g., Luck & Hillyard, 1994; Kiss, Jolicoeur, Dell'Acqua, & Eimer, 2008; , demonstrating that attentional templates for such features can guide attention rapidly and efficiently to the location of search targets.
In our studies of feature-based and category-based attentional selection processes (Wu et al., 2013; Nako et al., 2014a) , N2pc components were elicited not only by targets that were defined at the item level, but also by category-defined targets. This suggests that when the deployment of attention has to be guided by search templates for object categories, target objects can still be selected rapidly, at relatively early stages during the processing of visual input. Importantly, when observers searched for a particular item, nontarget objects that matched the category of the current target (e.g., the letter A during search for the letter P) also triggered N2pc components (Nako et al., 2014a) . Although this "foil" N2pc was smaller than the N2pc to targets, it was already reliably present during the 180-200 ms post-stimulus interval. This observation suggests that when observers search for a particular alphanumerical item, the category of this item is activated as part of an attentional template, and produces rapid spatially selective modulations in the visual processing of category-matching objects (see also Nako et al., 2014b , for the presence of similar foil N2pcs during item-based search for real-world objects).
In contrast to previous assertions that the role of alphanumerical category in the guidance of visual search is doubtful (Wolfe & Horowitz, 2004) , these N2pc results suggest that category-based search templates can affect attentional selection processes rapidly, within approximately 200 ms after stimulus onset. If this is the case, alphanumerical category may have to be included among the features that are able to guide the deployment of spatial attention in an effective fashion. There are different ways in which this type of category-based attentional guidance could be implemented. One possibility is that the discrimination between letters and digits is based on a (potentially complex) set of visual features that in conjunction uniquely specify the category of alphanumerical characters (see Yang & Zelinsky, 2009 , for a feature-based account of category guidance during search for real-world objects). In this case, the allocation of attention to letters versus digits would be guided by a combination of these diagnostic visual features.
Alternatively, it is possible that alphanumerical category is already extracted in parallel at a pre-attentive level (e.g., Duncan, 1980) . If this was correct, the guidance of attentional selectivity during letter-digit search might be based on such information about the category membership of different objects in the visual field. We will return to this issue in the General Discussion.
In all previous N2pc studies that provided evidence for the guidance of attentional selection processes in visual search by category (Wu et al., 2013; Nako et al., 2014a Nako et al., , 2014b , category-defined target objects were always accompanied by multiple distractor objects that belonged to a different task-irrelevant category (e.g., one target letter among digits during letter search, or one kitchen object among items of clothing during search for kitchen utensils). In other words, target objects were category singletons in the sense that they were the only search display item that matched the current target category. Even though the presence of N2pc components to such category-defined targets demonstrates that category-based attentional guidance can operate rapidly under these circumstances, it is not yet known whether this is also the case when items that match the target category are accompanied by other candidate target objects in the same search display. Because topdown attentional guidance processes are most relevant in search tasks where multiple potential target objects compete for selection, it is important to find out whether categorybased guidance processes are still available under such conditions.
The most frequently studied case where attentional control processes are required to resolve the competition between multiple candidate target objects is conjunction search.
Here, a target defined by a specific combination of features from different dimensions (e.g., a red circle) can appear together with distractor objects that match one but not all targetdefining features in the same displays (e.g., red squares and blue circles). The Guided Search model (Wolfe, 1994 (Wolfe, , 2007 assumes that in such tasks, signals from all currently taskrelevant dimensions will contribute jointly to the guidance of attention towards the most likely target objects. However, only low-level visual attributes (color, motion, orientation, or size) are assumed to be able to participate in such joint attentional guidance processes, whereas object category is not (Wolfe & Horowitz, 2004) . The goal of the present study was to find out whether this hypothesis is correct. This can be tested in search tasks where targets are defined by the conjunction of their alphanumerical category and another basic visual feature. For example, when participants search for blue digits that can be accompanied by blue letters or by digits in a different nontarget color, is the allocation of attention exclusively controlled by color or does alphanumerical category contribute to attentional guidance?
The task design employed in the present experiments was analogous to the design of a recent N2pc study where targets were defined by a specific combination of color and shape (Eimer & Grubert, 2014a) . Search displays always contained four objects. In nocompetition trials, only one object with target-matching features was present, and this could be the target or a nontarget object that matched either the target color (e.g., a blue circle) or the target shape (e.g., a green square). In competition trials, the target appeared together with a partially matching nontarget object. To use the N2pc as a marker of the attentional selection of an object with target-matching features on competition trials, this component has to be measured independently from any parallel attentional processing of the other target-matching object in the same display. Because the N2pc is elicited contralaterally to candidate target object in the left or right visual field, no N2pc is triggered when such objects appear on the vertical meridian (e.g., Woodman & Luck, 2003; Hickey, McDonald, & Theeuwes, 2006; Eimer, Kiss, & Nicholas, 2011; Eimer & Grubert, 2014b) . For this reason, all search displays contained two objects on the horizontal midline (to the left and right of fixation) and two objects on the vertical meridian (above and below fixation).
On competition trials, one object with target features (either the target or a partially matching nontarget) appeared on the vertical meridian and the other on the horizontal meridian, and N2pc components therefore exclusively reflected the allocation of attention to the horizontal target-matching object. On no-competition trials, N2pc components were elicited not only by target objects but also by color-matching and shape-matching nontargets. Importantly, both types of partially matching nontargets also triggered reliable N2pc components in competition trials where they appeared together with a target object on the vertical midline. Furthermore, the sum of these two N2pc components was identical in size to the N2pc to target objects during the early phase of the N2pc (from 180 ms until around 230 ms post-stimulus).
These N2pc results suggest that color-based and shape-based attentional guidance processes initially control the deployment of attention independently and in parallel. During this early phase of spatially selective processing, attention is deployed simultaneously to all objects with target-matching features, even when the target object itself is present in the same display. An alternative serial selection model (e.g., Wolfe, 2007) would assume that attention is directed to targets on most competition trials, and to a partially matching nontarget on a minority of these trials. If this was the case, the summed contribution of the N2pc to partially matching nontargets should have been much smaller than the target N2pc throughout the whole N2pc time window. The presence of additive N2pc effects of colormatching and shape-matching nontargets that equaled the early N2pc to target objects was not in line with this prediction, and suggested instead that the initial stage of feature-guided attentional selectivity can operate in parallel for multiple objects.
To find out whether alphanumerical category can guide the allocation of attention even when another feature is simultaneously task-relevant and when multiple items with target-matching attributes can be present in the same search display, we ran two experiments that used the same procedures as our previous color/shape conjunction search study (Eimer & Grubert, 2014a) , except that one of the two target-defining attributes was now alphanumerical category (letter versus digit). Sixteen participants were included in this previous study to fully counterbalance target-defining colors and shapes across participants.
The same sample size was used in the current experiments to allow for direct comparisons between the N2pc results obtained in these two studies. In Experiment 1, search displays contained colored digits and letters, and targets were defined by a specific color/category combination (e.g., green digits, as illustrated in Figure 1 ). On different trials that appeared in random sequence within each block, displays could contain one, two, or no items with target-matching features. On no-competition trials, a target object ( Figure 1A and 1B, green digits) or a nontarget object that matched the target color ( Figure 1C and 1D) or the target category ( Figure 1E and 1F) appeared together with three distractor objects without targetmatching features. On competition trials ( Figure 1G -1J), a target object was presented together with a color-matching or category-matching nontarget and two nonmatching distractors. One feature-matching item always appeared on the horizontal meridian and the other on the vertical meridian on these competition trials. On distractor-only trials, displays contained four nonmatching items ( Figure 1K ).
If alphanumerical category can control the deployment of attention during conjunction search in the same way as basic visual features such as color and shape, the time course of attentional selection processes in Experiment 1, as reflected by N2pc components to targets and partially matching nontargets, should be similar to the pattern observed in our earlier color/shape conjunction search study (Eimer & Grubert, 2014a) . On no-competition trials, N2pc components should be elicited not only in response to targets but also for color-matching nontargets and, importantly, for category-matching nontargets (e.g., a blue digit during search for green digits). On competition trials, where a partially matching nontarget appears together with a target object in the same display, N2pc components should not only be observed in response to lateral targets, but also for search displays where a lateral partially matching nontarget is accompanied by a target on the vertical midline. Critically, N2pc components should not only be elicited by color-matching nontargets that appear together with a vertical target (as shown in our previous study;
Eimer & Grubert, 2014a) , but also by category-matching nontargets. If color-based and category-based attentional control processes operate independently and in parallel at different locations in the visual field during the early phase of attentional target selection, the sum of the two N2pc components to color-matching and category-matching nontargets should initially equal the N2pc to target objects on competition trials.
The alternative possibility is that information about alphanumerical category cannot be employed to guide attention during color/category conjunction search. In this case, early attentional selection processes, as reflected by the N2pc component, will be exclusively controlled by color. N2pc components should therefore only be elicited by targets and color-matching nontargets, but not by category-matching nontarget objects. If categorybased attentional guidance is unavailable, any discrimination between digits and letters can only take place after the color-based deployment of attention. In this case, targets and color-matching nontarget objects should trigger identical N2pc components, and ERP differences between these two types of objects should only emerge at longer post-stimulus latencies.
Experiment 1 Methods

Participants
Nineteen paid volunteers with normal or corrected to normal vision participated in the experiment. One participant was excluded due to poor task performance (accuracy below 62%), and two due to an excessive number of eye movements, resulting in the rejection of more than 50% of all trials. The remaining sixteen participants were aged between 21 and 42 years (M = 29.7, SD = 6.23), 12 were female, and 4 were left handed.
Stimuli, Design, and Procedure
Stimuli were presented against a black background on a 24-inch LCD monitor with a resolution of 1280 x 1024 pixels and a 100 Hz refresh rate. Stimuli were presented using Matlab (Mathworks, Inc.) and the Cogent 2000 toolbox (www.vislab.ucl.ac.uk/Cogent/).
Participants were seated at a distance of approximately 100 cm from the screen. They were asked to maintain fixation on a central grey fixation dot which was present throughout each block. On each trial, a search display was presented for 150 ms, and was followed by an intertrial interval of 1650 ms. All search displays contained four colored alphanumerical characters (size of each item: 0.6° x 0.6°). Two items were always presented on the horizontal meridian (to the left and right of fixation), and the other two on the vertical meridian (above and below fixation), at an eccentricity of 1.9° from fixation (see Figure 1 ).
Stimuli were letters (A, G, P, Q, R, U) or digits (2, 4, 5, 6, 7, 8) . These specific items were chosen to balance letters and digits for low-level features (curvature, intersections, number of pixels per item). Item colors were green (CIE x/y coordinates: .262/.572), blue (.185/.188), cyan (.212/.347), and yellow (.342/.477). All colors were equiluminant (9.8 cd/m 2 ).
Participants' task was to search for a target that was defined by a specific combination of color and alphanumerical category (e.g., a green digit), and to report its presence or absence on each trial by pressing one of two vertically aligned purpose-built response keys with their left or right index finger. The assignment of target-present and target-absent responses to the top and bottom key, or vice versa, was counterbalanced across participants. After eight of the 16 experimental blocks, the hand-to-key mapping was swapped for all participants. Target identity was counterbalanced across participants. Each of the eight possible combinations of color (green, blue, cyan, yellow) and category (letter, digit) served as target for two participants, and target identity remained constant throughout the experiment for each participant.
Different types of search displays appeared in random order within each experimental block. On no-competition trials (Figure 1 , A-F), a single item with targetmatching features appeared among three non-matching distractors. This target-matching item could either be the target (target-only trials; Figure 1A and 1B), a nontarget item that matched the target color but not its category (color-matching nontarget -colMNT, e.g., green letter; Figure 1C and 1D) or a nontarget that matched the target category but not its color (category-matching nontarget -catMNT, e.g., yellow digit; Figure 1E and 1F). On half of all no-competition trials, the target or the partially matching non-target appeared on the horizontal meridian, and on the other half on the vertical meridian. In competition trials ( Figure 1G through 1J), the target object appeared together with a color-matching or with a category-matching nontarget in the same display. A target on the horizontal meridian could be accompanied by a color-matching nontarget (T&colMNT; Figure 1G ) or by a categorymatching nontarget (T&catMNT; Figure 1I ) on the vertical meridian. A target on the vertical meridian could appear together with a horizontal nontarget that matched either the target color (colMNT&T; Figure 1H ) or the target category (catMNT&T; Figure 1J ). Finally, there were also distractor-only trials, where four nontarget items without target-matching features were presented ( Figure 1K ). On all trials, non-matching distractor items were selected randomly, with two constraints. No physically identical items were allowed to be present in the same search display, and all displays always contained three different colors, to avoid the presence of color singletons.
The experiment comprised 16 experimental blocks with 96 trials. In each block, there were four no-competition trials for each combination of trial type (target, color-matching nontarget, category-matching nontarget) and location of matching item (left, right, top, bottom), resulting in 48 no-competition trials for each block. There were two competition trials for each combination of trial type (target with color-matching nontarget, target with category-matching nontarget), horizontal matching item (target, non-target), horizontal location of matching item (left, right), and vertical location of matching item (top, bottom), resulting in a total of 32 competition trials per block. To equate the number of targetpresent and absent-trials, each block included 16 distractor-only trials. Prior to the first experimental block, participants completed a practice block.
EEG Recording and Data Analysis
EEG was DC-recorded from 23 scalp electrodes at standard positions of the extended 10/20 system (500 Hz sampling rate; 40 Hz low-pass filter) against a left-earlobe reference, and re-referenced offline to averaged earlobes. The continuous EEG was segmented from 100 ms before to 400 ms after onset of the search arrays, and was averaged relative to the 100 ms pre-stimulus baseline. Trials with artifacts (horizontal EOG exceeding ± 25 µV, vertical EOG exceeding ± 40 V, all other channels exceeding ±80 V) were removed prior to analysis. This led to an exclusion of less than 20% of all trials for each participant. Separate averaged waveforms were computed for each type of competition and no-competition trials with either a target or a partially matching non-target in either the left or right hemifield.
N2pc amplitudes were quantified on the basis of ERP mean amplitudes obtained between 180 and 280 ms after search array onset at lateral posterior electrodes PO7 and PO8. N2pc onset latencies were compared between trial types on the basis of difference waveforms, obtained by subtracting ipsilateral form contralateral ERPs at PO7/8, using the jackknifebased analysis method described by Miller, Patterson, & Ulrich (1998) . Sixteen subsamples of grand-averaged difference waves were computed, each excluding a different participant from the original sample. Onset latencies were determined as the point in time when each of these subsample waveforms reached an absolute threshold of -1V. Onset latency differences between trial types were substantiated by means of t-tests with t values corrected according to the formula described by Miller et al. (1998) and indicated as tc. All ttests were two-tailed and p-values were Bonferroni-corrected where appropriate.
Results
Behavioral Performance
Figure 2 shows mean correct reaction times (RTs; top panel) and error rates (bottom panel), separately for target-present and target-absent trials. For target-present RTs, there was a main effect of display type (target-only, target with colMNT, target with catMNT), F(2,30) = 10.5, p < .001, η² = .412. RTs to targets that were accompanied by a color-matching nontarget were delayed relative to RTs on trials with a category-matching nontarget and RTs on target-only trials (522 ms versus 512 ms and 514 ms, respectively; both t(15) > 3.3; both p < .01). There was no RT difference between target-only trials and trials where the target appeared together with a category-matching nontarget, t(15) < 1. Response errors occurred on 5% of all target-present trials, and error rates did not differ between display types, F(2,30) = 2.8, p = .077, η² = .157. 2
For target-absent displays, a main effect of display type (distractor-only, colMNT, catMNT) on RTs, F(2,30) = 48.1, p < .001, η² = .762, was due to the fact that target-absent responses were faster for distractor-only displays (486 ms) relative to displays with a colormatching nontarget (555 ms; t(15) = 8.97, p < .001) or a category-matching nontarget (513 ms; t(15) = 5.13, p < .001). The RT delay produced by the presence of a color-matching nontarget was reliably larger than the delay observed for target-absent displays that included a category-matching nontarget, t(15) = 7.36, p < .001. There was also a main effect of display type on accuracy rates on target-absent trials, F(2,30) = 14.8, p < .001, η² = .496.
Participants incorrectly reported the presence of the target on 7% and 3% of all trials with a color-matching or category-matching object, respectively, but only on 1% of all distractoronly trials. ipsilateral and contralateral to the side of the target (left panel), or to a color-matching or category-matching nontarget object (middle and right panels). N2pc components were largest for targets, but were also present for both types of partially matching nontargets. This is illustrated in Figure 3 (bottom panel), which shows N2pc difference waveforms computed by subtracting ipsilateral from contralateral ERPs, separately for all three display types. A repeated measures ANOVA was conducted on ERP mean amplitudes obtained in the 180 -280 ms post-stimulus interval with the factors display type (target, colMNT, catMNT) and laterality (electrode ipsilateral versus contralateral to relevant stimulus). A main effect of laterality, F(1,15) = 46.9, p < .001, η² = .796, reflecting the presence of reliable 2 The tendency for lower error rates on target-present trials with a partially matching nontarget relative to target-only trials (Figure 2 , bottom panel) might suggest the presence of a speed-accuracy tradeoff on these trials. To test this, inverse efficiency scores were computed on the basis of both RTs and error rates for target-present trials. The main effect of display type remained significant for inverse efficiency, F(2,30) = 4.2, p = .025, η² = .217, and follow-up analyses confirmed that the presence of a color-matching nontarget impaired performance relative to the other two display types, both t(15) > 2.66; both p < .02.
N2pc Components on No-competition Trials
N2pc components, was accompanied by a significant interaction between display type and laterality, F(2,30) = 30.1, p < .001, η² = .667, demonstrating that the N2pc differed in size between the three types of search displays. Follow-up t-tests confirmed that the target N2pc was larger than the N2pc to color-matching nontargets, t(15) = 5.1, p < .001, and category-matching nontargets, t(15) = 7.15, p < .001. Color-matching nontargets elicited a larger N2pc than category-matching nontargets, t(15) = 2.71, p = .016. However, direct comparisons between contra-and ipsilateral ERPs at PO7/8 confirmed that reliable N2pc components were present for all three display types (target-only: t(15) = 7.68, p < .001; colMNT: t(15) = 5.95, p < .001; catMNT: t(15) = 5.50, p < .001). Figure 4 shows ERPs measured on competition trials where the target and a partially matching nontarget object were present in the same search display. ERPs are shown separately for trials where a horizontal target was accompanied by a color-or categorymatching nontarget on the vertical meridian (top panels), and trials where a horizontal color-matching or category-matching nontarget was presented together with a vertical target (middle panels). The corresponding contralateral-ipsilateral N2pc difference waveforms for horizontal targets (averaged across displays with a vertical color-matching or category-matching nontarget), color-matching nontargets, and category-matching nontargets are shown in Figure 4 (bottom panel). Targets triggered larger N2pc components than color-or category-matching nontarget objects. However, these partially matching nontargets also appeared to elicit an N2pc, in spite of the fact that they were accompanied by a vertical target object in the same display. Analyses of N2pc mean amplitudes triggered by horizontal target objects revealed a significant main effect of laterality, F(1,15) = 78.5, p < .001, η² = .840, that was not modulated by whether these targets were accompanied by a color-matching or category-matching nontarget on the vertical meridian, F(1,15) = 1.9, p = .188, η² = .115. The corresponding analysis of N2pc components to horizontal partially matching nontargets also revealed a significant main effect of laterality, F(1,15) = 24.0, p < .001, η² = .616, confirming that these objects elicited N2pc components even though a target was simultaneously present in the same display. N2pc components to color-matching nontargets were numerically larger than the N2pc to category-matching nontargets (see showed that N2pc components were reliably present both for color-matching nontargets, t(15) = 4.12, p = .001, and category-matching nontargets, t(15) = 2.47, p = .026.
N2pc Components on Competition Trials
The N2pc difference waveforms in Figure 4 (bottom panel) also include the sum of the two N2pc components to horizontal color-matching and category-matching nontarget objects that appeared together with a target on the vertical meridian. During the early phase of the N2pc, the N2pc to target objects was similar in size to the summed contribution of the N2pc components to color-matching and category-matching nontarget objects. To assess this formally, the N2pc difference waveform to horizontal targets was compared to the summed N2pc waveforms to horizontal color-and category-matching nontargets. There was no reliable onset latency difference between these two N2pc waveforms, tc(15) < 1, confirming that the summed N2pc to color-matching and categorymatching nontargets started at the same time as the N2pc to target objects. The point in time when target N2pc amplitude started to become larger than the sum of the two N2pc components to partially matching nontargets was assessed via a series of paired t-tests that were conducted for each post-stimulus sampling point (for similar analyses, see Blair & Karniski, 1993; Jacques, Schiltz & Goffaux, 2014) . The onset of an N2pc amplitude difference between targets and summed partially matching nontargets was defined as the point in time when this difference remained reliable for at least five successive sampling points. This analysis showed that the target N2pc started to become larger than the summed contribution of the N2pc to the two types of partially matching nontargets at a poststimulus latency of 216 ms. To provide additional evidence that during the early phase of the N2pc, the summed N2pc components to partially matching nontargets were equal in size to the target N2pc, the N2pc measurement window (180 -280 ms post-stimulus) was divided into two successive 50 ms time intervals (180 -230 ms and 230-280 ms poststimulus). During the early N2pc time interval, there was no reliable difference in N2pc mean amplitudes between targets and summed partially matching nontargets, t(15) = 1.08, p = .297. During the later time interval, the target N2pc was significantly larger than the sum of the two N2pc components to color-and category-matching nontargets, t(15) = 4.1, p = .001.
Discussion of Experiment 1
When targets were defined by a conjunction of color and alphanumerical category, partially target-matching nontarget objects were able to attract attention, as reflected by reliable N2pc components, even when they were accompanied by a target in the same display. Critically, this was the case not only for nontargets that matched the target color, but also for category-matching nontargets. On no-competition trials where a target or partially matching nontarget was presented together with three distractors, N2pc components were elicited by lateral targets as well as in response to displays that contained a color-matching or category-matching nontarget on the left or right side (Figure 3) . The observation that category-matching nontargets triggered N2pc components on nocompetition trials demonstrates that category-based guidance signals were involved in controlling the allocation of attention during search for color/category conjunctions, independently of signals provided by color channels. The fact that target-absent RTs were significantly delayed by the presence of both color-matching and category-matching nontargets relative to distractor-only trials (Figure 2 ) further supports this conclusion.
The pattern of N2pc results on competition trials provides direct evidence for the hypothesis that color-based and category-based attentional control processes operate independently and in parallel during the early phase of attentional object selection. On these trials, horizontal color-matching and category-matching nontargets both triggered N2pc components, in spite of the fact that a vertical target object was presented in the same display. The presence of reliable N2pc components for category-matching nontargets on competition trials shows that category-based guidance signals did initiate a rapid allocation of spatial attention to category-matching objects, irrespective of whether these objects also matched the target color. In addition, the sum of the two N2pc components to color-matching and category-matching nontargets on competition trials was initially identical to the N2pc elicited in response to target objects (Figure 4 ). This observation suggests that attention was initially deployed in parallel to all objects that matched one of the two target-defining attributes. The early phase of the N2pc reflects the additive contribution of these feature-specific attentional guidance processes which operate independently for color and alphanumerical category. This temporal pattern of N2pc components to targets and partially matching nontargets observed in Experiment 1 was very similar to the results of our previous N2pc study of color/shape conjunction search (Eimer & Grubert, 2014a) . They suggest that guidance signals from feature channels that analyze color and alphanumerical category control the rapid deployment of spatial attention independently, and in an additive fashion.
The subsequent emergence of a superadditive N2pc to target objects on competition trials is likely to reflect the point in time when attentional guidance begins to operate across feature dimensions. This will be further considered in the General Discussion.
Even though both color-matching and category-matching nontargets elicited reliable N2pc components in Experiment 1, these components were substantially larger for colormatching objects. This dominant role of color in the attentional control of conjunction search was also apparent in our previous study (Eimer & Grubert, 2014a) , where the N2pc to color-matching nontargets was consistently larger than the N2pc to shape-matching nontargets. While color and alphanumerical category both contributed in parallel to attentional guidance processes in Experiment 1, the contribution of color was obviously more prominent, and the relative effects of category comparatively small. Experiment 2 was conducted to test whether stronger category-based guidance effects would be observed when alphanumerical category is combined with another target-defining feature that is less dominant than color. In this experiment, participants searched for category/shape conjunction targets.
Experiment 2
Experiment 2 used the same procedures as Experiment 1, except that color was now replaced by shape as one of the two target-defining features. Search displays contained the same letters and digits as in Experiment 1, but these items were now presented within four different outline shapes (see Figure 5 ). Targets were defined by a specific combination of shape and alphanumerical category (e.g., digits that appear within squares). All stimuli were presented in white against a dark background. The shapes used in Experiment 2 were the same as in our earlier N2pc study of color/shape conjunction search (Eimer & Grubert, 2014a) . In this study, N2pc components to nontarget objects with a target-matching shape were smaller than N2pcs to color-matching nontargets, suggesting that shape is less effective than color in guiding attention during visual search. However, shape is regarded as a "probable" guiding feature during visual search (Wolfe & Horowitz, 2004) , and should therefore be used to control the allocation of attention to candidate target objects in Experiment 2. The critical question was whether analogous to Experiment 1, category-based guidance processes would be activated simultaneously with shape-based processes. The role of alphanumerical category for attentional control might even be more pronounced than in Experiment 1 if the other target-defining feature (shape) is a less effective guiding attribute than color. In this case, N2pc amplitudes to category-matching nontargets should be larger than in the first experiment on no-competition and on competition trials, and possibly similar in size to the N2pc elicited by shape-matching nontargets. Furthermore, the sum of the two N2pc components to partially matching nontargets should again be identical to the early phase of the target N2pc on competition trials, in line with the hypothesis that attention is initially deployed in parallel and independently to different target-matching features.
Methods
Participants
Sixteen paid volunteers, aged between 21 and 41 years (M = 28.9, SD = 5.82) participated in Experiment 2. 10 were female, 2 were left handed, and all had normal or corrected to normal vision
Stimuli, Design, Procedure, and Analyses
Experimental procedures were identical to Experiment 1, except that different stimuli were employed. Search displays now included four alphanumerical characters that each appeared within an outline shape (see Figure 5) . The letters and digits were the same as in Experiment 1 (A, G, P, Q, R, U and 2, 4, 5, 6, 7, 8), and had the same size (0.6° x 0.6°). In contrast to Experiment 1, the letters/digits and the surrounding shapes all appeared in white (approximate luminance of all stimuli: 6.5 cd/m 2 ). Outline shapes were circles, squares, hexagons or gates (size of each shape item: 1.1° x 1.1°). As in Experiment 1, two items were always presented on the horizontal meridian, and the other two on the vertical meridian, at an eccentricity of 1.9° from fixation.
Participants' task was to search for a target that was defined by a specific combination of shape and alphanumerical category (e.g., a digit in a square), and to report its presence or absence on each trial by pressing one of two vertically aligned response keys with their left or right index finger. Target identity was counterbalanced across participants.
Different groups of four participants searched for a letter or a digit within either a square or a circle. Target identity remained constant throughout the experiment for each participant.
Hexagons and gates never served as target shapes.
The different search display types (as illustrated in Figure 5 ) were equivalent to Experiment 1, except that shape now replaced color as one of the two target-defining features. Targets were defined by a particular shape/category combination. Instead of colormatching nontargets, there were now shape-matching nontarget (shapeMNT) objects. The probabilities of no-competition and competition trials, and the rules for the selection of partially matching and non-matching distractor items in each search display were the same as in Experiment 1. EEG recording and data analysis were identical to Experiment 1. The ratio of trials excluded due to artifacts was below 22% for each participant. Figure 6 shows mean correct RTs (top panel) and error rates (bottom panel), separately for target-present and target-absent trials. For target-present RTs, a main effect of display type (target-only, target with shapeMNT, target with catMNT) was present, F(2,30) = 12.5, p < .001, η² = .455. When targets were accompanied by a shape-matching or category-matching nontarget, RTs were delayed relative to target-only trials (624 ms and 627 ms versus 604 ms; both t(15) > 4.4; both p < .002). There was no reliable RT difference between trials where targets appeared together with a shape-matching or categorymatching nontarget t(15) < 1. A similar pattern was present for accuracy. A main effect of display type, F(2,30) = 7.8, p = .002, η² = .342, was due to the fact that error rates were higher when targets were accompanied by a shape-matching or category-matching nontarget relative to target-only trials (6.5% and 9% versus 5%; both t(15) > 2.92; both p < .011). Accuracy on target-present trials with category-matching and shape-matching nontargets did not differ reliably, t(15) < 2.05, p > .05.
Results
Behavioral Performance
For target-absent displays, there was also a main effect of display type on RTs, F(2,30) = 64.0, p < .001, η² = .810, as target-absent responses were faster for distractor-only displays (592 ms) relative to displays with a shape-matching or category-matching nontarget (668 ms for both display types; both; t(15) > 10.1, both p < .001). There was no difference in target-absent RTs between displays with shape-matching and category-matching nontargets, t(15)<1. A main effect of display type on accuracy rates on target-absent trials, F(2,30) = 12.7, p < .001, η² = .459, reflected more incorrect target-present response to displays that included a shape-matching or category-matching object, relative to distractoronly trials (5% and 2% versus 1%, both t(15) > 3.5, both p < .01). These errors were more frequent in the presence of a shape-matching object relative to trials with a categorymatching object, t(15) = 2.76, p = .015. Figure 7 (top panel) shows grand-averaged ERPs elicited at PO7/8 on no-competition trials at electrodes contralateral and ipsilateral to a fully or partially target-matching object, separately for displays that contained the target, a shape-matching nontarget, or a category-matching nontarget. As in Experiment 1, N2pc components were largest for targets, but sizeable N2pc components were also elicited by shape-matching and categorymatching nontargets. Figure 7 (bottom panel) shows contralateral-ipsilateral N2pc difference waveforms for all thee display types, and suggests that N2pc components of similar size were elicited by shape-matching and category-matching nontargets on nocompetition trials. A repeated measures ANOVA conducted on ERP mean amplitudes in the 180 -280 ms post-stimulus interval with the factors display type (target, shapeMNT, catMNT) and laterality (electrode ipsilateral versus contralateral to relevant stimulus) revealed a main effect of laterality, F(1,15) = 33.5, p < .001, η² = .691, reflecting the presence of reliable N2pc components. There was also an interaction between display type and laterality, F(2,30) = 15.7, p < .001, η² = .512. Follow-up t-tests confirmed that the target N2pc was larger than the N2pc to shape-matching nontargets, t (15) Figure 8 shows ERPs measured on competition trials, separately for trials where a horizontal target was accompanied by a shape-or category-matching nontarget on the vertical meridian (top panels), and trials where a horizontal shape-matching or categorymatching nontarget was presented together with a vertical target (middle panels). Targets triggered larger N2pc components than shape-or category-matching nontarget objects.
N2pc Components on No-competition Trials
N2pc Components on Competition Trials
However, these two types of partially matching nontargets also elicited sizable N2pc components on competition trials. This is illustrated in Figure 8 (bottom panel), which shows contralateral-ipsilateral N2pc difference waveforms for horizontal targets (averaged across trials with vertical shape-matching and category-matching nontargets), and for horizontal shape-and category-matching nontargets. N2pc components of similar size were elicited by shape-matching and category-matching nontargets on competition trials. There was a main effect of laterality, F(1,15) = 41.2, p < .001, η² = .733, for mean amplitudes of N2pc components triggered by horizontal target objects, but no interaction between laterality and display type (target with shapeMNT or catMNT; F(1,15) = 1.5, p = .240, η² = .09), demonstrating that target N2pcs were not affected by the nature of the partially targetmatching item in the same display. The analysis of N2pc components to horizontal partially matching nontargets revealed a significant main effect of laterality, F(1,15) = 10.7, p = .005, η² = .687, confirming that these objects elicited N2pc components on competition trials. N2pc amplitudes to shape-matching and category-matching nontargets did not differ, F(1,15) = 0.6, p = .451, η² = .09. Follow-up analyses confirmed the presence of reliable N2pc components not only for shape-matching nontargets, t(15) = 4.37, p = .001, but also for category-matching nontargets, t(15) = 5.42, p < .001.
In Figure 8 (bottom panel), N2pc difference waveforms for targets and partially matching nontargets are shown together with the sum of the two N2pc components elicited by shape-matching and category-matching nontarget objects. The summed N2pc component to these two types of partially matching nontargets started at the same time and was initially equal in size to the N2pc to target objects. There was no onset latency difference between these two N2pc difference waveforms, tc(15) < 1. 3 As in Experiment 1, a comparison of N2pc amplitude values between targets and summed partially matching nontargets with paired t-tests was conducted successively for each post-stimulus sampling point. This analysis showed that target N2pc components started to become larger than the sum of the two N2pc components to partially matching nontargets at a post-stimulus latency of 210 ms. To confirm that the summed N2pc components to partially matching nontargets and the target N2pc were initially equal in size, the two N2pc difference waveforms were again compared within two successive time windows (180 -230 ms and 230-280 ms post-stimulus). During the early N2pc time interval, there was no N2pc amplitude difference between targets and summed partially matching nontargets, t(15) = .696, p = .497. During the later time interval, the target N2pc was reliably larger than the summed N2pc components to shape-and category-matching nontargets, t(15) = 2.96, p = .01.
Discussion of Experiment 2
The results of Experiment 2 provide additional evidence for the role of alphanumerical category in the guidance of spatial attention during conjunction search.
When targets were defined by a category/shape combination, both shape-matching and category-matching nontargets elicited reliable N2pc components of similar size in nocompetition trials, suggesting that category and shape were equally able to engage attentional guidance mechanisms. In competition trials, shape-and category-matching nontarget objects also triggered significant N2pcs, even though a vertical target was present in the same display. As in Experiment 1, the summed contribution of these two N2pc components was equal in size to the target N2pc during the early phase of spatially selective attentional processing, in line with the hypothesis that attention is initially allocated independently and in parallel to target-defining features at different positions in a search display. The amplitudes of N2pc components to category-matching nontargets were generally larger in Experiment 2 relative to Experiment 1. This is most likely a result of the fact that color is a powerful selection feature, and will therefore tend to dominate simultaneous attentional guidance processes by another feature during conjunction search.
Because shape is less efficient than color, shape-based and category-based guidance processes were equally involved in the parallel allocation of attention to possible target objects in Experiment 2, as reflected by N2pc components of similar size to shape-matching and category-matching nontarget objects on competition trials. The behavioral results in Experiment 2 also suggested that shape and category contributed equally to attentional guidance. Performance costs of similar size were observed for search displays that contained a shape-matching or a category-matching nontarget relative to displays without a partially target-matching object. This suggests that both types of partially matching nontargets attracted attention, which interfered with the decision to report the presence or absence of a target object.
General Discussion
Previous electrophysiological studies (Wu et al., 2013; Nako et al., 2014a Nako et al., , 2014b have shown that reliable N2pc components are elicited during the selection of search targets that are defined by their category, demonstrating that category-based attentional control processes can operate at relatively early visual-perceptual processing stages.
Because a category-defined target always appeared together with distractor objects that belonged to a different task-irrelevant category in these earlier studies, this type of rapid category-based attentional guidance may only be available in search displays where target objects are unique items (singletons) with respect to their category. The goal of the present study was to investigate whether alphanumerical category would still be involved in the guidance of attention in conjunction search tasks where targets are defined by a combination of alphanumerical category and color (Experiment 1) or shape (Experiment 2), and where targets and partially matching nontarget objects could appear in the same search display. In both experiments, reliable N2pc components were triggered not only by targets and color-matching or shape-matching nontargets, but also by nontarget objects that matched the target-defining category (letter/digit). Importantly, this was the case also when displays included the target on the vertical midline, suggesting that attention was allocated simultaneously and independently to target-matching features. The observation that during the initial phase of the N2pc, the summed contributions of the two N2pc components to category-matching and color-or shape-matching nontargets were equal in size to the target N2pc provides additional evidence for this hypothesis.
The results observed in this study suggest that attentional guidance mechanisms during search for targets that are defined by a combination of features initially operate in a parallel feature-based fashion, and that alphanumerical category can be employed as one of the attributes that controls these early parallel selection processes. The relative importance of particular features during attentional guidance may differ across feature dimensions.
Color seems to be a more effective selection attribute than either shape (e.g., Eimer & Grubert, 2014a) or alphanumerical category (Experiment 1 of the current study), and thus tends to dominate parallel feature-based attentional selection processes. In contrast, as suggested by the results of Experiment 2, shape and alphanumerical category appear to be similar in their ability to guide the allocation of attention during visual search. Overall, our findings suggest that there may be no fundamental difference between basic visual features such as color or shape and more complex attributes such as the alphanumerical category of objects in their accessibility to attentional control mechanisms. Both can be employed simultaneously to guide the deployment of attention to candidate target objects during visual search.
The fact that in both experiments, the summed N2pc components to partially matching nontargets on competition trials initially equaled the target N2pc is consistent with a parallel selection mechanism. This finding is more difficult to reconcile with the alternative hypothesis that attention was always first allocated to a single object with target-matching features on these trials. If attention had been directed to targets on the majority of competition trials and to the partially matching nontarget on a minority of these trials, the summed N2pcs to horizontal partially matching nontargets should have been smaller than the N2pc to horizontal targets throughout the N2pc time window, reflecting the smaller proportion of trials where an N2pc was triggered by partially target-matching objects. 4 While the early phase of the N2pc was equal in size for targets and summed partially matching nontargets on competition trials, the target N2pc started to become larger than the summed contribution of the two partially matching nontargets at about 210 -220 ms after search display onset. The emergence of a superadditive target N2pc, which was also observed in our previous study of color/shape conjunction search (Eimer & Grubert, 2014a) , could mark the point in time when attentional guidance mechanisms no longer operate in a strictly independent feature-based fashion, and information about target-matching features begins to be integrated across different feature dimensions. At this point, top-down control processes begin to facilitate the focal attentional processing of target objects above and beyond the spatial bias that was previously triggered in parallel by independent feature-based guidance. One possibility is that during this second phase in the attentional selection of conjunctively defined targets, attention is withdrawn from objects that match some but not all target-defining features but is maintained at the location of target objects (see Kiss, Grubert, & Eimer, 2013 , for N2pc evidence for such a two-stage selection scenario from spatial cueing experiments).
It has previously been claimed that the case of alphanumerical category as a guiding feature during visual search is doubtful (Wolfe & Horowitz, 2004 ; but see Cunningham & Wolfe, 2014 , for a role of object categories during later target identification processes in hybrid visual and memory search). The present N2pc results show that category-based guidance signals can affect early attentional object selection processes, and can act in parallel with color or shape during this early phase of attentional selectivity. This goes beyond previous demonstrations that category-defined targets trigger N2pc components in search tasks where category is the only selection attribute and all other search display items belong to a different irrelevant category (e.g., Wu et al., 2013; Nako et al., 2014a) by demonstrating that category-based guidance remains available during more demanding 4 Because N2pc components are computed by comparing contralateral and ipsilateral ERP waveforms, they can only be measured in response to horizontal candidate target objects. Analogous to previous N2pc experiments that investigated multiple-object selection processes by employing search displays where these objects appeared on the horizontal and vertical meridian (e.g., Woodman & Luck, 2003; Hickey et al., 2006; Eimer et al., 2011; Eimer & Grubert, 2014b) , the current study assumes that there are no systematic differences in the allocation of attention between target-matching objects that are presented to the left or right of fixation and objects that appear above or below fixation. conjunction search tasks. The current findings therefore make a strong case for awarding alphanumerical category the status of a genuine guiding feature for visual search, alongside other less controversial feature dimensions such as color, orientation, or size. Behavioral evidence also suggests that alphanumerical category can be used as an effective selection criterion during visual search. Search performance is better when targets and distractors belong to different categories (e.g., letters among digits) than when they are drawn from the same category, and this type of category-based search can produce flat search functions (Egeth, Jonides, & Wall, 1972) . This suggests that alphanumeric category can be extracted rapidly for all items in a search array at a stage that precedes their focal attentional processing (e.g., Duncan, 1980) . Although category effects in visual search have been linked to low-level feature differences between items that belong to different categories (e.g., White, 1977; Krueger, 1984) , they remain reliable when the physical similarity of letters and digits is matched (e.g., Dixon & Shedden, 1987) , suggesting that they may indeed reflect the efficiency of category-guided attentional target selection mechanisms during search for alphanumerical targets.
How could information about alphanumerical category control the allocation of spatial attention during visual search at the neural level? The guidance of attention by attentional templates for particular target-defining features is assumed to be based on preparatory sustained enhancements of neural activity within visual cortical areas that are sensitive to these features ("baseline shifts"; see Driver & Frith, 2000) . Such sustained activity modulations that are set up during the preparation for search will result in a facilitation of neural responses to target features once search displays are presented (see Eimer, 2014 Eimer, , 2015 This account provides a plausible scenario for attentional guidance by basic visual features like color and shape that are represented by distinct populations of visual neurons.
However, the control of attention by alphanumerical category may be more difficult to explain on the basis of similar mechanisms, given the absence of dedicated hard-wired visual detectors of letters versus digits in visual cortex. Individual letters or digits are perceptually analyzed in dedicated visual areas such as the anterior left fusiform gyrus (e.g., James et al., 2005) , and the outcome of these analyses may be used to guide attention towards objects with sets of visual features that are diagnostic for the currently taskrelevant category. In this case, the allocation of attention towards targets that are defined by their alphanumerical category would essentially be based on a potentially complex conjunction of visual features (see Yang & Zelinsky, 2009 , for a similar model of attentional guidance by the category of real-world visual objects). Categorization itself will take place at a subsequent stage that follows the attentional selection of potential target objects (but see Zelinsky, Peng, Berg, & Samaras, 2013 , for evidence that the same features are involved in attentional guidance and object identification during category-based search for real-world objects). Alternatively, alphanumerical category may already be extracted during the parallel analysis of visual input (e.g., Duncan, 1980) , and the outcome of this process may then be relayed to prefrontal areas involved in category-based object discriminations (e.g., Freedman et al., 2001; Miller et al., 2003) . According to this hypothesis, alphanumerical category is detected pre-attentively through the activation of direct pathways between temporal visual object recognition areas and ventrolateral prefrontal cortex (see Kravitz et al., 2013 , for a review of such links between temporal and prefrontal cortex). In this scenario, category-based attentional guidance would take place at a subsequent stage, based on recurrent feedback signals from prefrontal to posterior visual areas that trigger the allocation of attention to objects that match the currently task-relevant category (see also Hochstein & Ahissar, 2002 , for similar ideas). The results of the current study are consistent with both of these two alternative models. The observation that N2pc components to category-matching nontarget objects emerged rapidly, within 200 ms after search display onset (see also Nako et al., 2015 , for similar findings during search for realworld target objects that were specified by word cues) may seem more in line with a feature-based account of category guidance that operates locally within visual cortex than with the hypothesis that this type of attentional guidance is based on long-range recurrent interactions between posterior visual and prefrontal areas. However, it is not inconceivable that the parallel pre-attentive detection of alphanumerical identity can be completed and the subsequent allocation of attention to objects that match the currently task-relevant category be initiated within such a short post-stimulus time window.
In summary, the current study has provided new electrophysiological evidence for the role of alphanumerical category in the control of spatial attention during visual search.
When search targets are defined by a conjunction of color and category or shape and category, attention is deployed rapidly to objects that match the current target category.
During the early phase of attentional processing, this type of category-based guidance operates independently and in parallel with the selection of basic visual features such as color or shape. 
